Based on a modal expansion of electromagnetic fields, a rigorous method for analyzing surface plasmon polaritons (SPPs) on a periodically corrugated metal surface has been formulated in this paper. This method takes into account the finite conductivity of the metal as well as higher-order modes within the grooves of the surface structure, thus is able to accurately calculate the loss of these spoof SPPs propagating along the structured surface. In the terahertz (THz) frequency range, the properties of the dispersion and loss of spoof SPPs on corrugated Al surfaces are analyzed. For spoof SPPs at THz frequencies, the strong confinement of the fields is often accompanied with considerable absorption loss, but the performance of both low-loss propagation and subwavelength field confinement for spoof SPPs can be achieved by the optimum design of surface structure. Science 305, 847-848 (2004 
Introduction
Surface plasmon polaritons (SPPs) are surface electromagnetic (EM) waves, whose fields can be highly confined to dielectric-metal interfaces [1] . This confinement leads to a significant enhancement of the EM field at the interface, which is responsible for surface-enhanced optical phenomena such as Raman scattering, second harmonic generation, fluorescence, etc. [2] [3] [4] . SPPs and localized plasmons at dielectric-metal interfaces open up a previously inaccessible length scale for optical research. The intrinsically two-dimensional nature of SPPs provides great flexibility in engineering photonic circuits with submicron dimensions needed for optical communications and optical computing [5] [6] [7] . It would be greatly advantageous to take concepts such as highly localized waveguiding and surface-enhanced nonlinear effects to the terahertz (THz) regime, where a large variety of materials show specific resonances. At THz frequencies, however, metals resemble a perfect electric conductor (PEC), as their plasma frequencies are often in the ultraviolet part of the spectrum, leading to SPPs highly delocalized on metal surfaces [8, 9] . Recently, an idea of engineering surface plasmon at lower frequency was proposed [10] . That is, by cutting holes or grooves in metal surfaces to increase the penetration of EM fields into the metal, the frequency of existing surface plasmons can be tailored at will [11] [12] [13] . The existence of such geometry-controlled SPPs, named spoof SPPs, has recently been verified experimentally in the microwave regime [14] .
So far, however, the properties of spoof SPPs at THz frequencies on corrugated metal surfaces have not yet been studied in detail, including the loss level of these spoof SPPs. In the previous theoretical studies of spoof SPPs, metals were all approximated by a perfect conductor, so that the spoof SPPs are lossless as they propagates along structured surfaces [10, 11] . The study of the characteristic of spoof SPPs at THz frequencies is of interest both for basic physics and for possible applications in device design. In this paper, we will study the properties of spoof SPPs at THz frequencies on aluminum (Al) surfaces corrugated periodically with grooves. For this purpose, a rigorous method for analyzing these spoof SPPs is formulated based on a modal expansion of EM fields. The finite conductivity of the metal as well as high-order modes within the grooves are taken into account in this formulation.
Method
Consider a metal surface in which a one-dimensional (1D) array of grooves of width a, depth h, and lattice constant d is drilled, as illustrated in the inset of Fig. 1(b) . We are interested in H-polarized surface waves propagating in the x direction along the surface. The fields of these waves have the form of H =ŷH y and E =xE x +ẑE z . Based on a modal expansion of the fields, H y in region I (z > 0) can be written as 
where A (1) n are constants, β n = β + 2πn/d (here the propagation constant of the surface wave β lies in the first Brillouin zone, i.e., |Re(β )| ≤ π/d, where Re(·) denotes real part operator), and
2 − k 2 0 with k 0 being the wave number in free space. In region III (z < −h), H y is similarly written as
where A (3) n are constants, q
, and ε m is the relative permittivity of the metal. On the other hand, since the metal thickness between the grooves (d − a) is much larger than the skin depth for THz frequencies, the fields in the part of the unit cell in region II (−h ≤ z ≤ 0) can be treated as a superposition of eigenmodes in an isolated groove waveguide. Thus, H y in this part of the unit cell is expressed as
where A (2) m and B (2) m are constants, and the modal field profiles ψ m are given by [15] 
where ε(x) = 1 for |x| ≤ a/2 and ε(x) = ε m elsewhere. N m are coefficients depending on m.
The nonzero components (E x and E z ) of the electric field (E) can be obtained straightforwardly from H y . The parallel components of E and H must be continuous at the interface between regions I and II and the one between regions II and III. Matching boundary conditions at the interface z = 0, we obtain
where U mm are given by 
where the coefficients N m are defined in Eq. (4). Similarly, matching boundary conditions at the interface z = −h, we obtain
where V mm are given by
−ε m k 0 since |ε m | is very large for THz frequencies. In the case of our interest, the groove width is much less than the wavelength (λ ) of the surface wave, so all higher-order modes (m ≥ 1) in the groove waveguide are evanescent, and their propagation constants g m have a large imaginary part, i.e., Im(g m ) ≈ mπ/a (here Im(·) denotes imaginary part operator), which results in very large values of exp(−ig m h/2) in Eqs. (5) and (6) (5) and (6) as
respectively, which can be expressed in a matrix form 
Substitution of Eq. (11) into Eq. (9) yields the equation
Evidently, K a and K b are a diagonal matrix, and we easily find that
]. Finally, we obtain the dispersion relation for spoof SPPs on the corrugated surface in the form 
Results
To validate the proposed dispersion relation for spoof SPPs on a corrugated metal surface, we first analyze its convergence for modal expansion. In what follows, the metal is assumed to be Al, and its dielectric properties are modelled by a Drude model with the parameters taken from Refs. [16, 17] . Here, as an example, the lattice constant is d = 50 μm, and the groove depth is h = d. Two groove widths are considered: (1) a = 0.2d, (2) a = 0.6d. The asymptotic frequencies for two cases, which are evaluated at Re(β ) = π/d (i.e., the border of the first Brillouin zone), are f s = 1.275 and 1.165 THz, respectively. The frequency of the surface wave is set to f = 0.8 THz. The calculated results are plotted in Fig. 1 , where the corresponding results obtained within the PEC approximation are included as triangles for comparison. As seen from Fig. 1 , both Re(β ) and Im(β ) converge rapidly. The results of Re(β ) in the singlemode (m = 0) approximation are accurate within 3% for both cases. The difference between the values of Re(β ) for Al and those for PEC are almost negligible, meaning that the model with the PEC approximation is valid for analyzing the dispersion of spoof SPPs at THz frequencies. The result of Im(β ) obtained within the single-mode approximation is always larger than the accurate value (see Fig. 1(b) ), and its relative error is 2.4% for the case with a = 0.2d and nearly 10% for the case with a = 0.6d. Our analysis indicates that in the latter case, the relative error becomes 88.7% when f = 1.15 THz. Evidently, a few modes with higher orders become important when the groove width is large, especially at frequencies close to the asymptotic frequency of the surface structure. Fig. 2(a) , the larger the groove depth, the lower the asymptotic frequency. This is also the situation for the groove width. But compared with the groove depth, the groove width weakly affects the asymptotic frequency. Figure 2(b) shows the losses of these spoof SPPs as a function of frequency. The loss of spoof SPPs grows significantly with increasing frequency. For example, in the case of a = 0.2d and h = d, the attenuation coefficient of the spoof SPPs is 0.045 cm −1 for f = 0.6 THz, and it becomes 0.16 cm −1 for f = 0.8 THz and 0.7 cm −1 for f = 1 THz. Compared to purely dielectric THz waveguides reported in Refs. [18, 19] , the corrugated metal surface exhibits relatively high loss for guiding THz wave when the wave field is effectively confined. Evidently, the loss of the spoof SPPs increases when the confinement of the fields of the spoof SPPs is enhanced. The field is more strongly confined to the surface for a larger frequency. This is displayed in Fig. 3 , where the distribution of the H field in a unit cell of the surface structure is plotted for various frequencies. As shown in Fig. 3 , the field of the surface wave is almost concentrated in the structured surface when f = 1 and 1.2 THz. Figure 2(b) clearly shows that for a given frequency, a larger groove width or depth correspond to a larger loss of spoof SPPs. As a larger groove width or depth correspond to a lower asymptotic frequency, leading to a larger departure of the propagation constant for a given frequency from the light line (see Fig. 2(a) ).
Correspondingly, the z component of the wave vector q
0 becomes larger, thus increasing the field confinement and the loss of the SPPs. It is interesting to analyze the effect of the lattice constant (d) on the dispersion and loss of spoof SPPs. Figure 4(a) shows the dispersion curves for spoof SPPs on corrugated surfaces with different lattice constants d = 35, 50, and 75 μm. The groove parameters are a = 10 μm and h = 50 μm for all cases. The losses of spoof SPPs for three cases are plotted in Fig. 4(b) . As seen from Figs. 4(a) and 4(b) , a smaller lattice constant corresponds to a larger asymptotic frequency (indicated by dotted line in the Fig. 4(a) ), but it corresponds to a larger loss of spoof SPPs for a given frequency. Evidently, a structured surface with a smaller lattice constant possesses a higher asymptotic frequency only because it allow spoof SPPs to have a larger range of propagation constant. But the asymptotic frequency doesn't seem to be sensitive to the lattice constant. However, as shown in Fig. 4(b) , the loss of the spoof SPPs is quite sensitive to the lattice constant. For a given frequency, an increase of the lattice constant may lead to a considerable reduction in the loss of spoof SPPs. For spoof SPPs at THz frequencies, the property of the strong confinement of the fields contradicts with that of low propagation loss. However, there exists possibility of optimum design for spoof SPPs to relieve this contradiction. To illustrate this, we analyze the field confinement of spoof SPPs for different groove cases under the condition that the loss of the related SPPs is kept at a constant low level. The field confinement of spoof SPPs in free space can be characterized by the parameter D = 1/q (1) 0 , where q
As an example, the lattice constant is d = 50 μm, and the frequency is f = 0.6 THz. The constant loss for spoof SPPs is set to Im(β ) = 0.045 cm −1 , which corresponds to the value for the case of a = 0.2d and h = d. The calculated results are plotted in Fig. 5 . Figure 5(a) shows the groove depth as a function of the groove width. Note that for each pair of a and d in Fig. 5(a) , the attenuation coefficient of spoof SPPs at f = 0.6 THz is always equal to 0.045 cm −1 . The values of D for different sets of groove parameters are shown in Fig. 5(b) , and a minimum of D = 0.8λ occurs at a = 0.6d, where the corresponding groove depth is h = 0.6d. Figures 5(c) and 5(d) show the distribution of the H field in the unit cell for a = 0.2d (h = d correspondingly) and a = 0.6d (h = 0.6d), and the improvement of field confinement in the latter case is clearly observed. Our analysis indicates that in the optimum case the H field is concentrated in a region of 0.7λ on the structure surface. As the field components with higher spatial frequencies β n (n = 0) in Eq. (1) are more strongly confined to the surface than the one with β (i.e., n = 0), which is dominant in general, the total field in free space is actually confined over a distance less than D.
Conclusion
A rigorous method for analyzing spoof SPPs on a periodically corrugated metal surface has been formulated based on a modal expansion of electromagnetic fields. Compared to the previous method, our method is able to calculate the loss of these spoof SPPs, since it takes into account the finite conductivity of the metal. Also, higher-order modes within the grooves of the surface structure are included in our method. The convergence analysis shows that a few modes with higher orders are not negligible when the groove width is relatively large, especially at frequencies close to the asymptotic frequency. In the THz frequency range, the properties of the dispersion and loss of spoof SPPs on corrugated Al surfaces have been analyzed. The asymptotic frequency of spoof SPPs mainly depends on the groove depth, but the loss of spoof SPPs is sensitive to all the parameters of surface structure, including the lattice constant. The loss of the spoof SPPs grows significantly as the field confinement is enhanced, and the loss is often considerably large at frequencies close to the asymptotic frequency. But the performance of both low-loss propagation and subwavelength field confinement for spoof SPPs can be achieved by the optimum design of surface structure.
